reference range were 11.1 pg/ml for males and 5.5 pg/ml for females and employing the ROC curve were 18.4 pg/ml for males and 7.8 pg/ml for females. sCT in patients with MTC was strongly correlated with disease status. Patients with NTD and ATD did not present false-positive results. sCT measurements were significantly correlated with age (excluding MTC and CRF). The NID test had a strong correlation with our assay. A hook effect was observed only with concentrations >200,000 pg/ml. Conclusions: We developed a novel sCT assay and validated it in healthy subjects, as well as in a large cohort of patients with MTC, NTD, ATD, DTC, and CRF.
Introduction
Serum calcitonin (sCT) is a useful biomarker for medullary thyroid cancer (MTC) and is employed for its diagnosis and follow-up monitoring [1] . In addition, some guidelines advocate sCT measurements for the differential diagnosis of nodular thyroid disease (NTD) while other guidelines assume a neutral or a contrary position regarding the use of sCT for NTD due to false-positive results, cost-effectiveness, and large reference range of assays [2] [3] [4] [5] [6] [7] [8] .
The available sCT immunometric assays present large reference ranges [9] [10] [11] [12] . Procalcitonin cross-reactivity in infections, inflammatory reactions and hyperparathyroidism, appears to be minimal [13] . Nevertheless, in other situations, such as autoimmune thyroid diseases (ATD) or chronic renal failure (CRF), the corresponding mild elevations in basal sCT result in indeterminate results regarding MTC diagnosis [14, 15] .
We developed a novel assay because the gold standard assay for measuring sCT is no longer available [10] . Therefore, in this study we have validated a novel immunometric two-site sCT assay in a large cohort of patients, including different clinical scenarios, as MTC and differentiated thyroid cancer (DTC), NTD, ATD, and CRF, besides samples stimulated after the pentagastrin test and from the washout of fine-needle aspiration cytology (FNAC).
Subjects and Methods

Subjects and Samples
We collected blood samples from 794 patients (2-84 years old, 617 women and 177 men) and from 178 normal individuals (3-80 years old, 131 women and 47 men) who were followed at the Division of Endocrinology, Department of Medicine, Federal University of São Paulo, in São Paulo, Brazil. A signed letter of informed consent was obtained from all patients or their legal guardians. The study was approved by the Research Ethics Committee of the university.
The patients were: (a) 203 who had MTC before and after surgical treatment, 125 of whom had no evidence of disease after treatment and 68 of whom had elevated sCT prior to or after surgery (with or without evidence of metastasis); (b) 533 who had thyroid disease other than MTC, 205 with ATD, 248 with NTD and 80 with DTC 'free of disease', and (c) 58 who had stable CRF and no evidence of thyroid disease. Additionally, we studied 178 healthy individuals without thyroid disease (no history, normal physical examination, normal thyroid tests and normal neck US).
Samples from Pentagastrin Test
We performed the pentagastrin test on 45 MTC patients with: (a) positive RET mutations before prophylactic surgery; (b) with persistent detectable sCT levels after surgery, and (c) with NTD with previously high levels of sCT. To perform the pentagastrin test, patients fasted for 8 h, and blood samples were drawn before and 2, 5, 10 and 15 min after an intravenous bolus of 0.5 g/kg pentagastrin (Pentagastrin TM ; Cambridge Laboratories Ltd, Newcastle, UK) [16] . All 225 samples derived from these tests were centrifuged, and serum aliquots were stored at -20 ° C until sCT measurements.
Samples from FNAC Washout FNAC procedures were performed in patients with NTD or in lymph nodes of MTC patients, yielding a total of 92 samples for CT analysis from the FNAC washouts. After the smear was prepared for cytology, the needle was washed with 1 ml of 0.9% NaCl, and the sample was stored at -20 ° C until the CT measurements.
Calcitonin Assay
The immunofluorometric two-site assay is based on the binding of human calcitonin by monoclonal antibodies (mAbs) obtained from hybridomas produced from spleen cells of mice that had been immunized with calcitonin peptides [17, 18] . Screening (using human calcitonin at >97% purity; Scripps Laboratories, San Diego, Calif., USA), selection, ascites production, purification and IgG subtyping were previously described [19] . After titer and specificity analysis, we selected two cell lines, one specific for amino acids 11-23 and the other specific for amino acids 17-32.
The assay is based on the first mAb bound to the wells of the microtiter plates to serve as the solid phase, and the second mAb biotinylated (Sulfo-NHS-LC-Biotin Kit; Pierce, Rockford, Ill., USA). Microtiter plates were coated with the first mAb in PBS at a final concentration of 10 μg/ml, by adding 200 μl to each well and letting them incubate overnight at 4 ° C. Next, the plate was washed and blocked with buffer (50 m M Tris pH 7.75, 0.5% BSA and 0.05% bovine γ-globulin) at 37 ° C for 1 h. The standard curve was based on the WHO International Standard Calcitonin, Human NIBSC 89/620 prepared by serial dilution in human serum undetectable for sCT. After washing the plate, 150 μl of the standard curve, or controls, or samples were added. Next, 50 μl of the biotinylated second mAb (1/3,000) was added, supplemented with 5% mouse serum. The plate was shaken for 1 h at room temperature in the dark and then incubated for 18 h at 4 ° C. After washing, we added 200 μl of europium-labeled streptavidin (1/2,000) (PerkinElmer, USA) to each well and incubated the plate for 30 min at room temperature with agitation before washing and adding enhancing solution for time-resolved fluorescence reading.
Comparative Analysis
We compared the samples from 23 patients with low or high calcitonin levels using both our novel assay and the Nichols Institute Diagnostics (NID) sCT assay.
Statistical Analysis
The results are presented as frequencies with the median, minimum and maximum values. The 95% confidence interval was calculated after log transformation of the data, and the final results were back-transformed to the original scale [19] . The cut-off value was calculated using the ROC curve statistical approach. Spearman's correlations were calculated, and the two-group analysis for gender was performed using the Mann-Whitney U test. The data were analyzed using SPSS 13 for Windows (SPSS, Inc., Chicago, Ill., USA). A p value of 0.05 was considered significant.
Results
We present a novel method to quantify CT levels that was utilized to assay and validate 1,289 samples (972 basal serum samples from patients and healthy individuals, 225 stimulated serum samples from pentagastrin tests, and 92 samples from FNAC washouts).
The analytical sensitivity of the assay is 1.0 pg/ml, with an intra-assay coefficient of variation of 2.1-6.4% and an inter-assay coefficient of variation of 7.1-9.4%. In normal male subjects, 97.9% exhibited sCT levels <18.4 pg/ml, and 91.6% of the normal female subjects presented with sCT levels <7.8 pg/ml ( fig. 1 a; tables 1-4 ). The 95% reference range value for the entire cohort was 6.9 pg/ml, with a cut-off value of 9.9 pg/ml within the ROC curve. When we analyzed the male and female groups separately, the 95% reference interval values were 11.1 and 5.5 pg/ml, respectively. Considering MTC patients prior to surgery and the use of the ROC curve, the cut-off value for the male group was 18.4 and 7.8 pg/ml for the female group ( fig. 2 ; tables 1-4 ).
Patients with NTD exhibited a maximum sCT concentration of 15.6 pg/ml in males with a median of 1.0 pg/ml. All the male patients had levels <18.4 pg/ml, and 99.1% of the female patients had sCT concentrations ≤ 7.8 pg/ml ( tables 1-4 ).
Patients with ATD exhibited a minimum sCT concentration of 1.0 pg/ml, a maximum of 15.1 pg/ml, and a median of 1.0 pg/ml. Among ATD patients, 100% of the males presented with levels <18.4 pg/ml, and 98.8% of the females demonstrated levels <7.8 pg/ml ( tables 1-4 ). Patients with DTC were considered as a negative control group, since they were submitted to total thyroidectomy, were 'free of disease' and, therefore, were expected to have undetectable sCT values. However, 9 out of 80 patients displayed sCT levels between 1 and 10 pg/ml ( table 2 ). The maximum value observed in this group was 9.1 pg/ml ( tables 1-4 ).
The patients with stable CRF had a minimum sCT concentration of 1.0 pg/ml, a maximum of 21.7 pg/ml, and a median of 3.2 pg/ml ( tables 1-4 ). In this group, 92% of the male patients presented with levels ≤ 18.4 pg/ml, and 93.9% of the female patients demonstrated levels <7.8 pg/ml.
All of the sCT measurements, excluding those from the MTC and CRF patients, were significantly correlated with age (rs -0.225, p = 0.01). The age histogram displays the higher concentration of individuals between 40 and 60 years ( fig. 1 b) . The highest median value in women was observed in those patients <20 years of age, whereas the highest median value in men was observed in the 20-to 40-year-old age group ( fig. 1 c) . The highest absolute values occurred in female patients <20 years of age and male patients between 40 and 60 years of age.
The NID test utilized capture antibodies against protein regions similar to those employed in our assay. Therefore, when the same samples were analyzed using our assay and the NID test system, we identified a strong correlation between results ( fig. 3 ) .
We also analyzed samples from 45 patients who underwent a pentagastrin stimulation test, 29 of whom car- ried a RET mutation prior to thyroidectomy, 12 of whom had undergone thyroidectomy for MTC treatment, and 4 of whom were suspected to harbor MTC. The maximum sCT concentration that was observed after pentagastrin stimulation was 784 pg/ml. After stimulation, a threefold increase in the basal calcitonin value or an sCT concentration >100 pg/ml was considered a positive response; based on these criteria, 22 of the 45 patients were positive for the pentagastrin stimulation test (12 mutation carriers, 7 MTC patients post-surgery, and 3 patients with suspected MTC). The 7 RET mutation carriers underwent thyroidectomy, and the histology was confirmed to be either MTC or C-cell hyperplasia. There were 23 subjects who did not respond to the stimulation test, but this result was compatible with the results of the clinical follow-up. All of the FNAC washout samples were diluted prior to analysis to avoid the hook effect. Calcitonin levels were measured in 50 lymph nodes; the minimum observed level of 1.0 pg/ml was identified in a lymph node with benign cytological findings, whereas the maximum concentration of 3,875,000 pg/ml occurred in a metastatic lymph node from a patient with MTC. None of the benign lymph nodes exhibited calcitonin levels >1.0 pg/ml. Additionally, 5 of the 9 cases with values >1,638 pg/ml were from samples that were non-diagnostic or unsatisfactory by cytological determination. To calculate the cut-off value for 122 FNAC washouts, we use 37 washouts with positive or negative cytological results through a ROC curve. The cut-off for a positive metastatic lymph node was 270 pg/ ml. All of the 11 positive metastatic samples had CT levels >558 pg/ml, and, by investigating these positive lymph node FNAC washouts, we were able to estimate that 200,000 pg/ml is the concentration of calcitonin at which a hook effect may be observed.
In the 42 washouts performed on thyroid nodules, 6 subjects with benign cytology had calcitonin concentrations <2.2 pg/ml, and 4 of the 6 subjects with calcitonin levels >1,600 pg/ml were positive by cytology for malignant disease. There were also 2 patients with positive cytology who presented with washout calcitonin concentrations of 2.1 and 2.7 pg/ml, but the surgical pathology reports did not confirm the diagnosis of MTC suggested by the FNA. Furthermore, 1 of the 8 samples that were insufficient for or indeterminate by cytological analysis displayed a washout calcitonin concentration of 2,076 pg/ ml, with a surgical pathology report confirming MTC.
Discussion
Since immunoassays were developed, the detection of biological substances has become less time-consuming, more sensitive and more specific [20] . Our single-step, two-site assay utilizing mAbs was designed to obtain maximum sensitivity and specificity without interference or cross-reactivity.
When validating and determining the reference range for a new assay, it is necessary to evaluate both healthy and unhealthy populations. Although we selected a healthy group to determine normal sCT levels and to compare these levels with those of MTC patients, we believe that the most important problem facing our daily practice is the application of sCT measurements to exclude the presence of MTC in patients with NTD and ATD. Furthermore, the sCT concentration can be quantitated in patients for whom MTC is not suspected, i.e. in patients with diabetes mellitus type 2 or in non-obese subjects treated with the human glucagon-like peptide-1 (GLP-1) analog liraglutide. Because the GLP-1 receptor agonist has been associated with increased sCT levels and tumor formation in rodents, the sCT concentration has been analyzed in over 5,000 patients who were receiving either liraglutide or control therapy, but an effect of the GLP-1 analog on sCT levels was not demonstrated [21] .
Previous reports have shown significant differences in sCT levels between male and female subjects [2, [22] [23] [24] , which is in accordance with our results. A post-mortem study has shown that physiologically, men have twice as many C cells as women [25] . Additionally, the reference ranges for the NID assay account for gender differences, with values that are comparable to ours (<11.5 ng/l for men and <4.6 ng/l for women) [22] . The age of the patient is another complicating factor, and the negative correlation between sCT levels and age that was observed in our study is supported by studies demonstrating higher levels of sCT in children than in adults [2, 22, 24] .
In spite of several reports suggesting the routine measurement of sCT in the evaluation of thyroid nodules [2, 4, 5, [26] [27] [28] [29] [30] , there is some resistance in adopting this approach because of concerns regarding false-positive results [6, 29, 30] . However, in this study, we demonstrated that 100% of the male NTD patients without MTC and more than 99% of the female NTD patients without MTC presented with sCT levels below the calculated cut-off for their respective groups ( ≤ 18.4 and ≤ 7.8 pg/ml, respectively). In the ATD group, 100% of the male patients and 98.8% of the female patients exhibited sCT concentrations below the respective cut-off values.
Other area of resistance for the routine use of sCT measurements in the evaluation of NTD is related to costeffectiveness. However, after the convincing study by Cheung et al. [31] , who performed sensitivity analyses and found the cost-effectiveness of calcitonin screening to be effective and very similar to other screening strategies, as TSH, colonoscopy, and mammography screening, it is becoming clear that this issue was also answered. In this regard, our assay was developed in house and some of the costs, as personnel and the development of monoclonals, were included in the research proposal. The calculated cost for its determination is USD 5.00 per sample.
Only a few studies of sCT screening for MTC in NTD have included CRF patients [3, 14, 31, 32] . Among the patients at our center with stable kidney disease, less than 4% of the males and 6.1% of the females demonstrated sCT levels above the cut-off for each group, which is similar to a previous study [14] . However, another study has shown that the prevalence of hypercalcitoninemia in dialysis patients amounts to 46% and that it is more common in male than in female patients [31] ; this group has also demonstrated a reversibility of hypercalcitoninemia after kidney transplantation [32] . In a recent paper, Kratzsch et al. [10] have shown that higher CRF stages were associated with increased sCT concentrations, but many of these patients were also treated with proton pump inhibitor therapy, a clinical condition known to be associated with hypercalcitoninemia. Thus, we believe that different results would be observed in our study if unstable CRF patients undergoing hemodialysis were included.
In the DTC-treated group, where we expected to have undetectable sCT levels, we detected a low sCT concentration in 9/80 patients. Other studies have also detected sCT in DTC patients, but the results were interpreted as related to cross-reactivity with non-thyroid substances [10] . Nevertheless, patients who have undergone a total thyroidectomy and radioiodine therapy are not necessarily completely free of thyroid tissue because ablation failure may occur in nearly 25% of these cases [33] . Therefore, these findings suggest that low sCT levels may also be detected in MTC patients after surgery, due to remnant normal thyroid tissue, containing normal C cells, even in the absence of a tumor, as previously suggested [3] .
To evaluate the occurrence of the hook effect, we measured the high sCT values from the pentagastrin stimulation tests, as well as those in the FNA washouts. We observed the hook effect in samples with high calcitonin values from the FNA washouts but not in those from the pentagastrin test. Thus, we now routinely dilute samples from FNA washouts before analysis [34] .
Another concern is the prevalence of interference in calcitonin assays stemming from heterophilic antibodies in the blood samples, which was reported to occur 3.7% of the time [35] . This type of interference is relevant to laboratory practice, and the addition of mouse serum could potentially prevent misleading results. As such, when we suspected a false-positive result (due to a discrepancy between the clinical and the laboratory findings), we first repeated the assay on a new sample to rule out pre-analytical errors. If the high level was reproduced, we diluted the sample with mouse serum; if the value then decreased in a non-linear manner, interference by heterophilic antibodies was suspected [36] .
We also utilized our assay to measure calcitonin levels in FNAC washout samples from thyroid nodules and lymph nodes. The concentration of CT in the FNAC washout samples was more accurate than the cytology results, and our assay was particularly useful for samples with non-diagnostic or unsatisfactory material for or yielding indeterminate results by cytology.
In conclusion, we developed and validated a novel CT assay, using it in healthy subjects, as well as in a large cohort of patients with MTC, DTC, NTD, ATD and CRF. We established cut-off values, one based on the 95% reference range (11.1 pg/ml for males vs. 5.5 pg/ml for females) and the other on the ROC curve (18.4 pg/ml for males vs. 7.8 pg/ml for females). Our results have confirmed previous data showing higher values in children, as well as in adult males, compared with adult females. Furthermore, this study has suggested that sCT can be used as a screening for MTC in patients with NTD, as well as in patients with ATD, since the large majority of patients with these diseases have shown values below the reference ranges. This new assay is also very useful for elevated values of sCT, as in stimulation tests and in washout samples from FNAC. In addition, we demonstrated a strong correlation between our assay and the NID assay, which was previously utilized worldwide. Therefore, this new assay has been validated.
